
Kumar, P. J. Sajil

Article  —  Published Version

GIS-based mapping of water-level fluctuations (WLF) and
its impact on groundwater in an Agrarian District in Tamil
Nadu, India

Environment, Development and Sustainability

Provided in Cooperation with:
Springer Nature

Suggested Citation: Kumar, P. J. Sajil (2021) : GIS-based mapping of water-level fluctuations
(WLF) and its impact on groundwater in an Agrarian District in Tamil Nadu, India, Environment,
Development and Sustainability, ISSN 1573-2975, Springer Netherlands, Dordrecht, Vol. 24, Iss. 1,
pp. 994-1009,
https://doi.org/10.1007/s10668-021-01479-w

This Version is available at:
https://hdl.handle.net/10419/286963

Standard-Nutzungsbedingungen:

Die Dokumente auf EconStor dürfen zu eigenen wissenschaftlichen
Zwecken und zum Privatgebrauch gespeichert und kopiert werden.

Sie dürfen die Dokumente nicht für öffentliche oder kommerzielle
Zwecke vervielfältigen, öffentlich ausstellen, öffentlich zugänglich
machen, vertreiben oder anderweitig nutzen.

Sofern die Verfasser die Dokumente unter Open-Content-Lizenzen
(insbesondere CC-Lizenzen) zur Verfügung gestellt haben sollten,
gelten abweichend von diesen Nutzungsbedingungen die in der dort
genannten Lizenz gewährten Nutzungsrechte.

Terms of use:

Documents in EconStor may be saved and copied for your personal
and scholarly purposes.

You are not to copy documents for public or commercial purposes, to
exhibit the documents publicly, to make them publicly available on the
internet, or to distribute or otherwise use the documents in public.

If the documents have been made available under an Open Content
Licence (especially Creative Commons Licences), you may exercise
further usage rights as specified in the indicated licence.

  https://creativecommons.org/licenses/by/4.0/

https://www.econstor.eu/
https://www.zbw.eu/
http://www.zbw.eu/
https://doi.org/10.1007/s10668-021-01479-w%0A
https://hdl.handle.net/10419/286963
https://creativecommons.org/licenses/by/4.0/
https://www.econstor.eu/
https://www.leibniz-gemeinschaft.de/


Vol:.(1234567890)

Environment, Development and Sustainability (2022) 24:994–1009
https://doi.org/10.1007/s10668-021-01479-w

1 3

GIS‑based mapping of water‑level fluctuations (WLF) and its 
impact on groundwater in an Agrarian District in Tamil Nadu, 
India

P. J. Sajil Kumar1 

Received: 17 April 2020 / Accepted: 28 April 2021 / Published online: 16 June 2021 
© The Author(s) 2021

Abstract
This study describes the results of groundwater table variation in Thanjavur District before 
and after the monsoon seasons. Groundwater-level data acquired by the field measurement 
and the elevation data have been obtained from the topographic survey. Groundwater is the 
major source for different sectors in this region, and the major portion was used for irri-
gation. The impacts of geology, soil types, topographic elevation, land-use changes were 
critically analyzed and identified that these factors are controlling the infiltration capacity. 
The maximum fluctuation in the water table was 2 m below the ground level; still, 50% 
of the study area is under threat of overexploitation. This is projecting to a severe short-
age in water supply soon. Groundwater quality is threatening by the saline intrusion in the 
coastal region, and the irrigation return flows inland. The spatial variation maps were use-
ful in visualizing the seasonal water level and fluctuation in Thanjavur. A proper monitor-
ing system, efficient irrigation practices, and effective groundwater recharge structures are 
recommended.

Keywords Groundwater · Water-level fluctuation · GIS · Thanjavur

1 Introduction

Groundwater is a comprehensive source of water supply schemes all over the world, 
especially in rural areas (Nas & Berkatay, 2010). Apart from the drinking water, it is 
one of the major sources for irrigation and ecosystem. Among several factors that con-
trol the quality of water, rainfall, quality of surface as well as recharged water, hydro-
geochemical processes have a primary role in defining the groundwater quality (Vasan-
thavigar et al., 2010). During infiltration to the soil media, natural filtration occurs, and 
it is safe to drink without much treatment (Babiker et al., 2007). However, due to human 
interventions, this vital resource has been facing serious pressures in both quality and 
quantity point of view. This is calling for immediate attention from the scientists, water 
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resources managers, and policymakers to avoid further damage and put maximum pos-
sible efforts for its restoration.Query

Groundwater is one of the most widely used natural resources in India, which have 
been affecting the entire population. According to the World Bank report (2012), India 
is the highest user of groundwater in the world with an estimated use of  230km2. The 
major sectors that use the groundwater are drinking, domestic, irrigation, and indus-
tries (Sajil Kumar et  al., 2019). In all sectors, 90% of the water is used for irrigation 
(Chindarkarand & Grafton, 2019). Extensive and continuous usage of groundwater has 
resulted in the drying up of important aquifers in India (Sha, 2005). Many of the states 
in India are already classified under the critical or overexploited status. North Indian 
states are reported with highly depleted, and the more rising trend is observed in south-
ern India. During the years 2002–2013, a drop in groundwater storage about 2 cm/year 
is found in northern India (Asoka et. al., 2017). In contrast, the groundwater storage has 
been increased by about 1–2 cm/year in south India. These changes are mainly attrib-
uted to the variation in precipitation. Measurement of periodic groundwater level is the 
primary step to understand the variation over time, hydrologic stresses on recharge, dis-
charge, and storage, to develop groundwater models, and to suggest the management 
practices (Harun & Kamaruddin, 2016). Usually, long-term data are necessary to sys-
tematically assess the hydrogeological condition of the aquifer.

Groundwater levels were monitored to understand the fluctuation and many along 
with other studies such as recharge estimation, groundwater quality studies, regional 
groundwater modeling, surface water interactions, rainfall–recharge relations (Panda et. 
al. 2007; Tedd et al. 2012; Chandra et al., 2015; Cai et. al., 2016; Deepesh Machiwal 
et  al., 2019). The importance of groundwater-level monitoring has been appreciated, 
and several studies have performed in this direction. Groundwater levels can be meas-
ured from the selected wells in the monitoring network using conventional measurement 
tapes, electronic water-level indicators, airline pressure methods, acoustic methods, and 
automatic recording methods. Electronic water-level indicators are widely used meth-
ods, which have a dual conductor wire and a probe and an indicator. When the probe 
touches the water table, light or sound will signal, and the level is measured. In this 
study, the water level has been measured using an electronic sensor-based indicator.

Increased usage of geographical information systems in the water resources manage-
ment is found to be very effective, especially in the spatial data interpretation and visu-
alization. Tiwari et. al. (2016) successfully demonstrated the applicability of geostatisti-
cal mapping of the water-level fluctuations in Aosta Valley, Italy. Chadra et  al.(2015) 
studied the hydrogeological factors and water table fluctuation in Dhanbad, India. Singh 
and Amrita (2017) presented the application of GIS in understanding the spatial and 
temporal changes in groundwater-level fluctuations in Haryana. Anand et  al. (2020) 
identified the long-term and spatiotemporal changes in the groundwater levels based on 
GIS applications in the Lower Bhavani River basin, India.

This study is performed in Thanjavur District in Tamil Nadu, which is an agricul-
tural dominated area near the east coast of India. The aim of this study is to understand 
the groundwater-level fluctuation and its spatial mapping using GIS-based geostatisti-
cal modeling approach. The influences on the groundwater-level variations are critically 
analyzed, and the impacts of the same on groundwater quality and quantity have been 
discussed in detail. This is a preliminary study of this kind in the study area and will be 
useful for groundwater management in the future.
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2  Study area

Thanjavur is a coastal district of Tamil Nadu, and it is a part of the Cauvery River basin 
and Vennar and Vettar sub-basins, marked by latitudes 10°48′ N to 11°12′ N and longi-
tudes 78°48′ E to 79°38′ E (see Fig. 1). In this study area, the Pattukottai and Peravurani 

Fig. 1  Study area map showing the location of the wells
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blocks are sharing the boundary with the Bay of Bengal. Due to the intensive agricultural 
activity and enormous production of paddy, this district is known as the rice bowl of Tamil 
Nadu; the climate of the area is tropical semi-arid climate with an average annual rain-
fall of 940 mm, mainly two monsoon seasons—the SW and NE monsoons. SW monsoon 
spreads between June and September and the NE between October and January. Out of two 
seasons, the NE monsoon is the most dominant (Palanisami, 2008). The summer season is 
March to May; the maximum temperature goes up to 36 °C. As a coastal area, the humidity 
is high and usually varies between 70 and 85% (CGWB, 2009).

Geomorphology of the study area is marked by flood plain, delta plains, natural levees, 
and high sedimentary ground. Geology comprises mainly of deposition of Alluvial, Cre-
taceous, and Tertiary deposits. Alluvial and tertiary deposits are dominated among others 
(see Fig. 2; Palanisami, 2008). The Vallam region has a thick deposit of lateritic cap with 
impure limestone and sandstone of clay calcareous, silt, and argillaceous varieties. Coastal 
regions have mostly the famous Cuddalore sandstone deposits.

The geology of the area has Archaean, Cretaceous, Tertiary, and Quaternary formations. 
Archaean’s formation is occupying comparatively less surface area, mainly found in Sen-
gipatti village. Common rocks are gneisses, schists, granites, charnockites, and patches of 

Fig. 2  Geology of the study area
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pegmatite veins in some locations. Overfilled by the Archaeans, the Cretaceous formations 
are seen as reddish calcareous sandstone. Tertiary formations are integrated beds of silts, 
clays, shales, sandy clays, and occasionally limestones, depths varying between 130 in the 
western region and 450 m in the central part. Quarternary formations are mainly generated 
by the Cauvery and Vennar basin. These sediments are fluvial and marine in origin. The 
thickness is varied from 12 m in the west and up to 40 m on the coast.

Hydrogeology of the study area shows that there are six different types of aquifers, 
namely Archaean aquifers, Cretaceous aquifers, Eocene aquifers, Miocene aquifers, Plio-
cene aquifers, and Quaternary aquifers. Archaean aquifers are found in the Sengipatti 
region, and the groundwater is contained in the weathered fractured rocks up to 12 m depth, 
in an unconfined to confined state. Cretaceous aquifers are coarse gravels, clays in the sand 
with maximum thickness of 50 m. Groundwater is mostly under confined conditions. Water 
extraction method is generally dug wells of 8–10 m and bore wells of 25–30 m. Ground-
water in the Eocene aquifers is under confined conditions, which has up to 80  m thick-
ness comprised of sand, silt, and clay. Water extraction is mostly done by tube wells with 
120–300 m. Miocene aquifers comprise mainly of Sand, stone, gravel with clay, and lime-
stone. Water abstraction structure is tube wells of 150 m deep. Pleistocene aquifer is rarely 
found, and the major difference from Miocene aquifers is that has more diversified clay 
content. In the Quaternary aquifer, the proportion of sand–silt–clay is varying drastically; 
thus, the yield of the wells is considerably diverse. The thickness is between 3 and 25 m.

3  Materials and methods

The overall methodology for this research work is prepared in the form a flow chart (see 
Fig. 3). A total of 22 wells were surveyed and selected for current and future studies. The 
wells usually dry in the summer season have been excluded from our study. Efforts are 
taken to choose wells to get the maximum spatial representation of the areas. A handheld 
GPS (GARMIN GPSMAP® 86i) was used to mark the latitude and longitude of the study 
area. Water levels were measured by the electronic portable water-level meter (Solinst 
101). Measurement has been taken in pre-monsoon (July 2016) and post-monsoon sea-
son (January 2017). From these seasonal data, the water-level fluctuations were calculated 
using Microsoft Excel version 2016.

The seasonal water level and fluctuation were mapped using the geostatistical toolbox 
in ArcGIS 10.1. A geostatistical analysis is a form of the stochastic model, which helps 
accurately predict random values in the desired locations (Uyan & Cay, 2013). Spatial cor-
relation is the base of geostatistical models, which is generally expressed by variograms 
(Wameling, 2003). An empirical semivariogram is an essential tool in the geostatistical 
method, and this can be expressed as follows:

In this equation, γ (h) indicates the semivariogram value at a distance, h; N(h) is the 
total number of the variable pairs separated this distance; and Z(x) is the value of the varia-
ble. There are different semivariograms such as spherical, exponential, Gaussian, and pure 
nugget effect commonly used in the analysis.

Kriging is one of the widely used and effective interpolation techniques (Borges et al., 
2016; Wu et  al., 2019). It is working on the principle assumption that the location near 

�(h) =
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N(h)
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to the known point will have similar comparable values than those located farther away 
(Kumar, 2007). Using an empirical semivariogram, the data have been verified, and the 
best fit is identified by the line that represents points in the empirical semivariogram cloud 
graph, which appraises the spatial autocorrelation (Arslan, 2012). Then, spatial autocorre-
lation between predicted and measured locations, and the Kriging weights that are assigned 
to different measured parameters are obtained.

4  Result and discussion

The complete information about the location, elevation, seasonal water levels, and water 
table fluctuation with a statistical summary is shown in Table 1.

5  The water level in Pre‑ and Post‑monsoon

Groundwater levels were measured from 22 wells in the study are for the pre- and post-
monsoon seasons. Data show that the water level in pre-monsoon season varied from 1.31 
to 13.37 m below ground level (mbgl); the average value was 5.23mbgl. The majority of 
the water level was between 3.7 and 8.5 mbgl. The northern region of the study area has a 
very shallow water level. On the other hand, post-monsoon season has a relatively higher 
water table, as the depth was 1.07 to 13.0 mbgl., with an average of 4.65mbgl. Most of the 
wells have a water level between 2 and 7mbgl. In both seasons, the deepest water level is 

Fig. 3  Detailed methodology 
adopted for this research work Collection of water level data

Discussion and Conclusion

GIS Interpolation

Water level fluctuation
map

Post- monsoon
Water level

Pre- monsoon
Water level

Water level map
(pre & post)
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recorded in the Thanjavur Village. Figures 4 and 5 represent the groundwater level in the 
study area during pre- and post-monsoon season.

6  Water‑level fluctuation

Figure  6 shows the water table fluctuation map of Thanjavur. The fluctuation was 
between 0.12 and 1.74mbgl, with an average value of 0.63mbgl. The fluctuation was 
over 1 m in wells W17, W18, W10, and W11, in which the well at Sengipatti (W11) 
has the highest deviation 1.74 m. these wells are placed in the flood basin as well as 
the central Cretaceous formations. These regions have dense drainages by the Cau-
very and other its tributaries. The higher hydraulic conductivity and highly fertile 
soils increased the water extraction for agricultural purposes. Additionally, the surface 
water–groundwater interactions make the area highly dynamic. Extreme hot climate in 

Fig. 4  Spatial variation in water level during pre-monsoon season in Thanjavur district
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the summer season and subsequent increase in the evaporation rate are also acting on 
the groundwater level.

7  Factors influencing the water level

There are several factors involved in the changes in the water table. The variation may 
be naturally over a certain period due to differences in weather sequences and pre-
cipitation patterns, streamflow, and geologic changes. Artificial factors may be min-
ing activities, excess pumping out for different purposes, deforestation, and impervious 
surfaces on the landscape.

Fig. 5  Spatial variation in water level during post-monsoon season in Thanjavur district
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7.1  Geology

The water levels were measured from different geological formations, Fluvio-marine 
(W20), Cuddalore sandstone (W18, 19, 21 & 22), Unclassified gneisses (W11), and 
Flood plains (all remaining wells). Different geological formations have variable aquifer 
parameters and water storage capacity. CGWB (2009) reported that the transmissivity 
of the main flowing deposits is renaming up to  1350m2/day, while the Cretaceous (Cud-
dalore sandstone) formations have the lowest  50m2/day. In general, the sandstones are 
compacted with clay content, which is not favorable for rainfall infiltration as those of 
marine deposits. Similar observations were observed by Tiwari et  al. 2016, from the 
West Bokaro Coalfield in India.

Fig. 6  Map showing the groundwater-level fluctuation in Thanjavur district
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7.2  Elevation

The elevation of the land surface has been measured by a topographical survey with 
respect to mean sea level. The elevation data show that the topographical heights varied 
from 0.45 to 0.90 m with an average of 0.66 m (above MSL), indicating mostly plain 
terrain. Some of the earlier studies reported that there is a positive relation between 
elevation and water level (Chandra et  al., 2015; Tiwari et  al., 2016). Being a coastal 
region in the south and flooding planes in the north, this study region has plain topogra-
phy. Thus, there is not much correlation observed for the same. Thus, groundwater flow 
is not controlled by the topographic height.

7.3  Soil class

Soil is the upper layer of earth curst that usually consists of organic matter, minerals, gases, 
liquids where plants are growing (Kumar et al., 2018). Soil texture, hydraulic conductivity, 
bulk density, porosity, etc. determine the infiltration capacity (Kumar et al., 2017; Owuor. 
et. al., 2016). It has control of the percentage of rainfall infiltration; additionally, it can 
decide the transmission rate and nature of the stream network (Owuor. et. al., 2016; Prince 
et. al., 2010). Because of different geological settings, the derived soils from different for-
mations have mainly like sand, silt and clay superimposed sand, natural levee complexes 
in the Quaternary (Palanisamy 2008). Clays heavily weathered superimposed old drainage 
morphology in Pliocene, while Miocene has more Sands, clay bound, clays gravels (Velde 
& Druc, 1999). Cretaceous soils are reddish to yellowish calcareous sandstones, clays, and 
limestones. Comparing the water-level fluctuations with soils shows the lowest fluctuation 
(0.12–0.39 mbgl) is marked in the northern part of the study area. The major reason for 
this is the very deep well-drained stratified loamy soils. We must consider that because 
of the comparatively high infiltration capacity, the water extracted for different purposes 
is recharged by the rainfall. On the other hand, the central regions have higher fluctuation 
(0.66 to 1.47mbgl) compared to the northern region. This is because of the higher clay 
content in the soil resulting in less percolation, and the soil acts as impervious to generate 
excessive runoff (CGWB, 2009).

7.4  Land use

The land-use map of the study area has been derived from the Bhuvan thematic maps 
initiated by NRSA: ISRO. Resources‐2 terrain corrected data from LISSIII sensor for 
three seasons were done for three cycles. In the latest version of LULC, data (3rd cycle) 
have been released in 2015. In this map, the GIS LULC vector layer of the first cycle 
was overlaid with the third cycle and the changes were corrected based on Resources 
at 2 LISS III imagery of 2015–2016 period. These thematic maps were of a 1:150,000 
scale and found to be 90.7% accurate (NRRSA 2007). The land-use map of Thanjavur 
in Fig. 7 shows that most of the land area, i.e., 2690 out of 3390  km2, has been used for 
agricultural or related purposes; paddy is the dominated among crops, and around 70% 
of the people engaged in farming activities. The irrigation is mainly done by canals 
(80.23), tanks (0.26), tube wells (19.25), dug wells (0.26) (CGWB, 2009).

CGWB (2009) is reported that the net groundwater availability is 73605.60 Ha. m. 
Out of this, a major share 48,608.27 Ha.m has been provided for the irrigation. The 
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current draft for 4179.82 Ha.m has been used for domestic and industrial purposes. 
Thus, the total draft by all these sectors is 52788.09 Ha.m. It is to be noted that 70% 
of the groundwater has been pumped out every year irrespective of the climatic or any 
other environmental factors. There is an equilibrium between the recharge and discharge 
in any aquifers, which may be collapsed if there is a failure in the monsoon (Asoka 
et  al.2017). Kumbakonam, Thiruppanandal, and Thiruvidaimarudur block out of 14 
in the district has already been categorized as overexploited, and the other four blocks 
are either critical or semi-critical (CGWB, 2009). Apart from the intense agriculture, 
human settlements in these regions are high, and this is adding additional pressure to the 
groundwater. The pumping water for irrigation may have positive or negative impacts 
depending on the source of water (Leng et al., 2013). For example, irrigation with sur-
face water pumped out of rivers, tanks, and reservoirs to the field may augment the 
groundwater level. On the other hand, pumping wells decreased the groundwater level.

8  Impact of water‑level changes on groundwater

Water-level fluctuations had impacts on the chemical constituents in the groundwater as well 
as the overall groundwater reserve of the area (Rajmohan & Elango, 2006; Sajil Kumar, 
2016). The groundwater fluctuation can be an increase or decrease in the existing water table 
due to various natural and anthropogenic processes. However, the most common trend is 
the lowering of water tables worldwide (Fan et.al. 2013). Excess pumping from the existing 

Fig. 7  Land-use map of Thanja-
vur district
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reserve causes groundwater depletion, which is already evident from the Thanjavur area as 
3/14 blocked has been demarcated as overexploited. This may lead to additional expenses to 
the user to deepen the wells. Further, the groundwater is often connected to the lakes and riv-
ers, maintaining the streamflow in dry seasons via seepage. This may ultimately lead to the 
loss of riparian vegetation (Zipper et al., 2019). In certain regions, the groundwater-level low-
ering can cause land subsidence. Similar results were reported from China (Shi et al., 2012) 
and Taiwan (Chen et. al., 2010).

Different factors that are leading to the fluctuation of groundwater have been already dis-
cussed in the earlier sections. The connection between the groundwater and the surface water 
is well known and impacting each other. Groundwater-level fluctuation indicates the flow of 
water from groundwater to surface water resources like rivers and lakes (Sophocleous, 2002). 
Often, the surface water levels instantly fluctuate with the response to the precipitations, sur-
face runoff, and climatic conditions (Winter, 1995). Generally, the groundwater contamination 
is occurring in the agricultural fields due to the fertilizers and irrigation return flows, which 
results in the solute transfer to the surface waters. In a study in Noord-Brabant, Netherlands 
reported that around 47% of total-N loads, 47% of total-P, 69% of Zn, 16% of Cu, and 74% of 
Ni in the surface waters could be attributed to the agricultural lands (Van Vliet et al., 2006). 
Similarly, in the industrial regions, the untreated effluents may contaminate the surface water. 
When the groundwater table is low, surface water can flow to the groundwater and can cause 
contamination in groundwater.

The major impact on water-level lowering on groundwater quality and potable water sup-
ply is the seawater intrusion in the coastal region (Mahlknech et al., 2017; Sajil Kumar et.al., 
2014). The high dense seawater is generally underlined by less dense freshwater in equilib-
rium, and this will destroy the ratio, resulting in the encroachment of seawater to aquifers 
(van Camp et al.2014). The southern and southwestern boundary of the Thanjavur District 
is bounded by the Bay of Bengal, and overexploitation results in groundwater Salinization 
(Sajil Kumar et. al., 2019). As the highest water consumption section, pumping for irrigation 
has a considerable impact on the groundwater quality and quantity. A similar remark has been 
reported by Rotiroti et al.. (2019) from northern Italy. There are studies reporting the ground-
water quality changes due to fluctuation in groundwater (Rajmohan & Elango, 2006; Sajil 
Kumar, 2016). The quality changes may attribute to various hydrogeochemical processes such 
as dissolution, dilution, rock–water interactions, evaporation, rock weathering, etc., and the 
improvement or the deterioration in the water quality will primarily depending on the lithol-
ogy, pH, temperature, and redox conditions within the aquifer. In contrast, the groundwater-
level increase due to excess irrigation causes waterlogging and subsequent increase in salinity 
(Park et al. 2018). Shallow or very near water table increases the evaporation process, which 
results in concentrating the salts in the root zone and finally seeped to groundwater. This may 
convert the Ca–HCO3 type of water to Na-Cl type (Foster et. al. 2018). The usage of pesti-
cides, manures, and fertilizers may furthermore increase the risk of heavy metals, nitrate, pot-
ash, and phosphate contamination (Zhang et al., 2016). Thanjavur is dominated by agricultural 
practices, and excess irrigation is very common here, thus posing a serious health concern via 
this pathway.
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9  Conclusions

Groundwater-level fluctuations during pre- and post-monsoon in the Thanjavur District 
are studied using hydrogeological and GIS mapping methods. The water table fluctuation 
was ranged from 0.12 to 1.74 mbgl. The spatial map of water table fluctuation was a con-
venient tool for demarcating the potential zones. The highest is recorded from the Sengi-
patti Village, and a moderate level of fluctuation was observed at the central and northeast 
regions of the district. It is found that 2690 out of 3390  km2 of the area has been used for 
agricultural and used the 80% of the groundwater resources. Out of fourteen, three blocks 
were found to be overexploited, and four are either critical or semi-critical condition. The 
major factors controlling the water level are geology, soil, elevation, and land-use pattern. 
Groundwater quality is facing serious threats due to excess pumping and subsequent sea-
water intrusion in the coastal region in the south. In the agricultural areas, the irrigation 
return flow is acting as the non-point source pollution with salinity, nitrate, phosphate, and 
heavy metal contaminations. This study recommends quarterly monitoring of both quanti-
tative and qualitative monitoring to adequate groundwater management.
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